Given the significance of carbohydrates in life, medicine, and industry, the development of simple and efficient de novo methods to synthesize carbohydrates are highly desirable. Organocatalytic asymmetric assembly reactions are powerful tools to rapidly construct molecules with stereochemical complexity from simple precursors. Here, we present a simple and robust methodology for the asymmetric synthesis of pyranose derivatives with taloand manno-configurations from simple achiral precursors through organocatalytic asymmetric intermolecular Michael-Henry reaction sequences. In this process, (tert-butyldimethylsilyloxy)acetaldehyde 1 was successfully utilized in two ways: as a donor in a highly selective anti-Michael reaction and as an acceptor in a consecutive Henry reaction. Varied nitroolefins served as Michael acceptors and varied aldehydes substituted for 1 as Henry acceptors providing for the construction of a wide range of carbohydrates with up to 5 stereocenters. In these reactions, a catalyst-controlled Michael reaction followed by a substrate-controlled Henry reaction provided 3,4-dideoxytalose derivatives 6 in a highly stereoselective manner. The Henry reaction was affected by addition of a simple base such as triethylamine: A complex chiral base was not necessary. 3,4-Dideoxymannose derivatives 7 were produced by simply changing the base from triethylamine to 1,8-diazabicyclo[5.4.0]undec-7-ene. Extension of this methodology to a syn-Michael initiated sequence was also successful. A mechanistic discussion is provided to explain the unusual substrate-induced stereoselectivity of the Henry reaction.
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amine-thiourea catalyst | asymmetric reaction | carbohydrates | Michael reaction | organocatalysis C arbohydrates are one of the most important classes of organic molecules and play diverse and essential roles in life, medicine, and industry. Since Emil Fischer's structural elucidation and synthesis of carbohydrates more than a century ago (1), carbohydrate synthesis has continued to challenge synthetic chemists. Robust, simple, direct, and highly stereoselective methods to carbohydrate synthesis remain largely elusive and the development of such methodologies is a driving force in synthetic chemistry. Indeed, our discovery of the proline catalyzed intermolecular aldol reaction (2, 3) and other related reactions (4, 5) were made possible by our development of antibody aldolases as synthetic tools for carbohydrate synthesis (6, 7) . In the decade since this discovery, organocatalysis has emerged as a promising route to a wide range of chiral molecules (4, 5, (8) (9) (10) (11) . Our studies in organocatalysis prompted us (5, (12) (13) (14) and later others (15, 16) to develop cascade reactions and one-pot synthetic approaches toward the synthesis of complex molecules containing multiple stereocenters with the aim of producing robust and operationally simple approaches to the synthesis complex asymmetric molecules like carbohydrates. We have classified reactions of this type broadly as organocatalytic asymmetric assembly reactions because they provide for the asymmetric assembly of multiple substrates into higher order products with stereochemical complexity. The preparation of carbohydrates based on this type of organocatalytic approach has been a driving force in the field (14, (17) (18) (19) (20) (21) (22) (23) .
Recently, we reported highly selective anti-Michael reactions of (tert-butyldimethylsilyloxy)acetaldehyde 1 to form γ-nitroaldehydes 4 catalyzed by primary amine-thiourea 3 (24) . This type of catalyst provides for enamine-based activation of the aldehyde while enforcing configurational control of enamine geometry. Together with hydrogen bonding activation of β-nitroalkenes provided by the thiourea (25) (26) (27) (28) (29) functionality of the catalyst, this catalyst effectively merges two key functionalities in organocatalysis. The α-oxyaldehyde structure in the Michael product 4 suggested that successive Henry reactions of 4 to the parent aldehyde 1 could produce highly functionalized nitroalcohol 5, which might exist as its cyclized 3,4-dideoxypyranose form 6 as shown in Scheme 1. An asymmetric assembly reaction of this type would link three substrates through the formation of two new C-C bonds while installing four contiguous asymmetric centers. We were encouraged to explore this idea by development of several asymmetric Henry reactions (30) , including intermolecular Michaelintramolecular Henry tandem reactions (31) (32) (33) , an iminium mediated intermolecular Michael-Henry sequence (34) and Michael-aza-Henry reactions (35, 36 ). Here we demonstrate an organocatalytic intermolecular one-pot Michael-Henry reaction through enamine catalysis. As shown in Scheme 1, two stereocenters at C2 and C3 position in 6 were controlled with near perfection by the anti-Michael aldehyde reaction [up to 98∶2 diastereomeric ratio (dr) and 99% enantiomeric excess (ee)]. The challenge was to link this reaction with an intramolecular Henry reaction to produce a single product with defined C4 and C5 stereocenters. Herein we present our solution to this challenge and present a simple and robust methodology for synthesis of pyranose derivatives with talo-and manno-configurations through organocatalytic intermolecular Michael-Henry reaction sequences.
Results and Discussion
We envisioned that if the Michael reaction of aldehyde 1 with β-nitrostyrene 2a was carried out in the presence of additional base, the Michael product 4a would react with remaining aldehyde 1. As a starting point, we used triethylamine as a second catalyst (Method A in Table 1 , entry 1). The Michael reaction followed by the Henry reaction preceded stereoselectively to provide product 6a with the D-talo-configuration as a major product in good yield with only small amounts of the D-manno-isomer 7a. Only the α-anomers of 6a and 7a were observed in accord with the preference typical of manno-and talo-type carbohydrates. Small quantities of other diastereomers were removed by column chromatography. The closed form 6a and its open form 5a existed as an equilibrium mixture in CDCl 3 (ca. 3∶1). This process provided stereoisomer 6a with five continuous stereocenters in good isolated yield; however, the enantiomeric excess was only 88%, which was lower than that of the original Michael adduct 4a as catalyzed by 3 (98% ee). Other chiral catalysts such as Takemoto catalyst 8, quinine 9, and quinidine 10 were tested as the second catalyst, but enantiomeric excess was not improved (entries 2-4). Because the enantioselectivity should be mainly induced at the irreversible Michael reaction step, we anticipated that these second catalysts promoted the Michael reaction nonselectively and that the competitive reaction resulted in a decreased ee. In fact, triethylamine and Takemoto catalyst 8 produced product 6 even in the absence of primary amine-thiourea 3 (entries 5 and 6).
To overcome this problem, the second catalyst was added after the Michael reaction was complete (Method B). After insuring complete conversion of β-nitrostyrene 2a, 50 mol% of triethylamine was added to the reaction mixture, which was kept at 30°C for 1 h (entry 7). An ee value of 98% was observed, comparable to that of the original Michael reaction. The reaction at 30°C was more reproducible than the reaction at room temperature. We found that a short reaction time suppressed formation of C4-epimer 7a, preventing base-promoted epimerization at C4 position.
To identify the actual catalyst of the Henry reaction, the isolated Michael product 4a was treated with triethylamine without primary amine-thiourea catalyst 3 (Scheme 2). The product 6a was obtained in excellent yield and high ee. Thus, the actual catalyst is the tertiary amine (in this case, triethylamine). The Henry reaction provided predominantly one of the possible four isomers. This is a very rare example of stereoselective intermolecular Henry reaction controlled by the configuration of the nitroalkane (35, 36) .
Next, the effect of the second catalyst was studied. Reaction with sterically hindered diisopropylethylamine gave comparable results to those with triethylamine ( Table 1, Derivative 7a existed only in the cyclized form in CDCl 3 . Dimeric catalyst 11 provided the product 6a in moderate yield with 10 mol% catalyst loading. The optimized one-pot conditions that provide for the synthesis of 3,4-dideoxy-D-talose derivative 6a with excellent ee and in good yield from two molecules of (tertbutyldimethylsilyloxy)acetaldehyde 1 and one β-nitrostyrene 2a via an anti-Michael-Henry reaction are listed in Table 1 The C4-epimer 7a in the manno-configuration was produced by simply changing the second catalyst from triethylamine to DBU. With these optimized conditions in hand, we surveyed scope of the reaction using triethylamine as the second catalyst (Table 2) . Nitrostyrenes with both electron withdrawing groups and donating groups on the aromatic ring were good substrates for the reaction and the corresponding talose derivatives were obtained in good yield and excellent ee (entries 2-4). To suppress epimerization, substrates with electron withdrawing groups were subjected to short second reaction times (T 2 ), whereas longer reaction times were necessary with electron rich substrates. Reaction of 2,6-dichloronitrostyrene 2e required 50 mol% of catalyst 3 and equimolar amounts of triethylamine to provide the product, 5e, with high ee (99% ee) in moderate yield (entry 5); note that 5e was present in the open form. Heteroaromatic substrates were also good candidates for this reaction: 2-(2-Nitrovinyl)thiophene 2f was converted to the product 6f in good yield and selectivity (entry 6). Enantiomeric excess of products 6 was comparable to that of Michael products 4 we reported previously (24) . When nitrodiene 2g was used, alkenyl-substituted dideoxytalose derivative 6g formed with acceptable ee (entry 7). A second reaction time of 18 h was used to convert alkyl substituted nitroolefin 2h to 6h with good dr and ee (entry 8). Both 6g and 6h with smaller substituents existed in only in the cyclic form.
Next, we investigated synthesis of 3,4-dideoxy-D-mannose derivatives 7 using DBU as the second catalyst ( Table 3 ). The cyclized products were obtained in reasonably good yield via a three-step sequence: anti-Michael reaction, syn-Henry reaction, and C4-epimerization. We observed immediate consumption of Michael product 4 upon addition of DBU, followed by relatively slow but complete conversion of talo-type compound 6 to mannoconfigured 7. All tested nitroolefins with substituted phenyl, heteroaromatic, alkenyl, and alkyl groups were converted into their corresponding derivatives with excellent ee under these conditions, reflecting wide scope of this reaction. The exception was the sterically demanding 2,6-dichloro-β-nitrostyrene 2e; we could not isolate the corresponding manno-product in pure form probably due to poor selectivity of the Henry reaction and decomposition of product 5e during the prolonged reaction time.
Most typically, the Henry reaction proceeded in a stereo-specific manner with relatively slow C4-epimerization. Two pathways are possible for isomerization from the talo-configuration in 6 to the manno-type of 7: One is the direct epimerization of 6 by deprotonation at C4 and the other is the retro-Henry-Henry process (32) . To clarify the mechanism, talo-product 6a was converted to acetyl pyranose 12a (Scheme 3). Both open form 5a and closed form 6a were converted to 12a and the minor mannotype product 13a could be separated at this stage. DBU treatment of 12a provided manno-product 13a, suggesting the epimerization occurred via direct epimerization at the C4 position. Moreover, both 12a and 13a were successfully converted into 4-amino-3,4-dideoxy-3-phenyl-D-talose derivative 14 and 4-amino-3,4-dideoxy-3-phenyl-D-mannose derivative 15, respectively. A 4-amino-substituted mannose scaffold related to 13a is found in the antitumor antibiotic spicamycin (37) . The absolute and relative configurations of the 3,4-dideoxy-D-talose derivatives 6 were determined by X-ray crystallography of 12b (Fig. 1) . A 1,3-diaxial interaction between the C2-alkoxy group and the C4-nitro group strained the tetrahydropyran ring and this is presumably the reason 6 exists as an equilibrium mixture between closed structure 6 and its open form 5 in most cases. A method for synthesis of both talo-and manno-type sugars has been established using (tert-butyldimethylsilyloxy)acetaldehyde 1 as both a donor in first Michael reaction and an acceptor in second Henry reaction. If other aldehydes could be used as acceptors in the second Henry reaction, the utility of the reaction would increase dramatically. Therefore, we evaluated other acceptors (Scheme 4). When ethyl glyoxylate 16 was added as the second acceptor in the presence of triethylamine, the taloconfigured product 17 was obtained. In this case, the contaminating C4-epimer 18 was readily removed by column chromatography. By changing the second catalyst from triethylamine to DBU, the manno-type product 18 was obtained in good yield. In both cases, aldehyde 1 served as a donor only in the Michael reaction and products 17 and 18 were obtained in excellent ee. When aqueous formaldehyde was used as an acceptor in the second step (Scheme 4B), both the Henry reaction and epimerization occurred to give pentose derivative 19, which could serve as a precursor to human NK 1 antagonists (38) . Because α-oxyacetaldehyde 1 is a good acceptor in the Henry reaction, isolation of Michael adduct 4a and removal of unreacted 1 followed by addition and reaction with the second aldehyde provided better yields of products in cases where remaining 1 resulted in a competing Henry reaction in the one-pot format.
Although a large number of organocatalytic syn-Michael reactions with aldehyde nucleophiles have been reported since 2001 (39) , there is no precedence for intermolecular Henry reactions of these Michael products. To evaluate this type of Michael-Henry reaction for syn-Michael adducts, we chose to study the Michael reaction of isovaleraldehyde 20 with diphenylprolinol silyl ether 21 (40) under our one-pot Henry reaction conditions (Scheme 5). The Michael-Henry product 24 formed in good yield with excellent enantiomeric excess in the presence of p-nitrobenzaldehyde 23 and triethylamine. It should be noted that isovaleraldehyde 20 did not act as the Henry acceptor under these conditions. The C4 and C5 stereocenters in the Henry product 24 possessed the same configurations as those in 6. Hence, the stereoselectivity of Henry reaction was controlled by the C3 stereocenter for both anti-Michael adduct 4 and syn-Michael product 22 regardless configuration of C2 stereocenter.
In all of the reactions evaluated, only one isomer with four successive stereocenters was formed as the major product. It is clear that C2 and C3 stereochemistry was controlled in the anti-Michael reaction by primary amine-thiourea catalyst 3. Subsequent asymmetric induction at C4 and C5 positions occurred in the consecutive Henry reaction catalyzed by an achiral amine such as triethylamine. Substrate-controlled stereo induction in the Henry reaction is known for chiral aldehyde acceptors. However, diastereoselective Henry-type reactions of chiral nitroalkanes are rare (35, 36) and a general kinetic mechanism to explain their stereo induction is not reported.
To control C4 asymmetry in the Henry reaction, acceptor aldehyde 1 should approach from the si-face of the nitronate anion generated from Michael product 4a and base. Because both anti-Michael adducts 4 and syn-product 22 provide the same stereo-induction in the successive Henry reaction, asymmetric induction at this step is controlled by the chirality at C3 of the Michael products. It is known that allylic 1,3-strain restricts rotation of the σ-bond connected to enolates and nitronates (41) . Therefore, the nitronate anion generated from 4a should exist predominantly in the conformation shown in Fig. 2A . The approach of aldehyde 1 should occur predominantly on the less crowded face. Fleming and Lewis have discussed diastereoselectivity of enolate alkylation, in which a Ph group was effectively smaller than the iPr group (42). The "effective radius" of phenyl group is smaller than that of a methyl group (43 Scheme 3. Epimerization experiment of 12a and conversion to 4-amino-3,4-dideoxy-3-phenyl-D-talose derivative 14 and 4-amino-3,4-dideoxy-3-phenyl-D-mannose derivative 15. Fig. 1 . X-ray crystal structure of 12b. rationalize that as Ph is smaller than the branched alkyl group (-CH(OTBS)CHO) on the C3 position in Fig. 2A , the electrophilic approach of the aldehyde should occur from the si-face of the nitronate. It is worth mentioning that the stereoselectivity at the α position to nitro group in other nitronate addition reactions, including Enders' cascade reaction (16, 44) , may be explained in a similar manner.
In addition, the stereoelectronic effect should enhance the facial selectivity. A theoretical study indicated that allylic bonds are staggered with respect to partially formed bonds in the transition states (45) and the two possible conformers are as shown in Fig. 2 B and C. In electrophilic attack on a π system such as a nitronate, a higher and more reactive highest occupied molecular orbital is obtained by mixing the π orbital and the σ orbital when the highest energy σ orbital is located perpendicular to the π system in the nucleophile. It is suggested that a homoallylic heteroatom (i.e., oxygen atom in Fig. 2C ) raises the energy level of the σ orbital via lone pair participation (46) . This hyperconjugative interaction, shown in Fig. 2C , makes a transition state through the conformer in Fig. 2C more likely. On the other hand, C5 asymmetric induction could be explained by the syn-selective Henry reaction considering the sixmembered ring transition state. In the proposed cyclic sixmembered transition state shown in Fig. 2D , side chains of both nitronate and aldehyde occupy equatorial positions. This cyclic six-membered transition state was proposed for the highly synselective asymmetric Henry reactions catalyzed by transition metal complexes (47, 48) . A chiral guanidine thiourea catalyst is also reported to provide the syn-Henry product (49) . Thus, these two stereocontrolling factors, si-face approach to the nitronate anion and syn-selective Henry reaction, may control both C4 and C5 asymmetric induction and may result in the observed high selectivity of the Henry reaction described here.
Conclusions
The development of simple, robust and efficient methods for the de novo synthesis of carbohydrates is a significant challenge in organic synthesis. Our approach to this problem was based on the development of organocatalytic asymmetric assembly reactions. Here we describe asymmetric syntheses of pyranose derivatives with talo-and manno-configurations. 3,4-Dideoxytalose derivatives 6 were synthesized by combination of our antiMichael reactions of (tert-butyldimethylsilyloxy)acetaldehyde 1 to form γ-nitroaldehydes 4 and a subsequent syn-Henry reaction with 1 as an acceptor. The extremely high selectivity of the antiMichael reactions (up to 98∶2 dr and 99% ee) established the C3 stereocenter that controlled the stereochemistry at successive C4 and C5 stereocenters in the syn-Henry reaction resulting in the control of four contiguous asymmetric centers. These are the first reported examples of enamine catalysis of asymmetric intermolecular one-pot Michael-Henry reactions and are among rare examples of stereoselective intermolecular Henry reactions controlled by the configuration of the nitroalkanes and catalyzed by a simple base such as triethylamine. Use of DBU instead of triethylamine provided 3,4-dideoxymannose derivatives 7 via a three-step sequence: anti-Michael reaction, syn-Henry reaction, and C4-epimerization. Various products with aromatic, vinyl, and alkyl substituents at the C3 position were prepared demonstrating the wide scope and efficiency of this strategy.
In addition, the acceptor of the Henry reaction could be varied. When ethyl glyoxylate 16 was added as the second acceptor, both the talo-configured product 17 and the manno-type product 18 were obtained in the presence of triethylamine and DBU, respectively. Moreover, substitution of catalyst 21 for 3 allowed us to initiate the assembly reaction with a syn-Michael reaction to provide product 24 following the Henry reaction. Here, product 24 stereocenters at C4 and C5 possessed the same configurations as those in 6. This result implies that this type of diastereoselective Henry reaction is applicable to synthesis of a wide range of Michael products because the syn-Michael reaction works with a broad range of aldehydes and nitroolefins. As with the antiMichael product, there is no previous literature precedence for the intermolecular Henry reaction with the syn-Michael products.
Stereoselectivity at C2 and C3 positions is explained by our anti-Michael reaction design as reported previously (24) . Meanwhile, asymmetric induction at C4 and C5 positions occurred in the consecutive Henry reaction catalyzed by achiral bases. Stereocontrol at C4 position could be explained by si-face approach to the nitronate anion generated from Michael product 4a and base. Attack occurred from the side of the relatively small Ph group on the nitronate anion; rotation here might be restricted by allylic 1,3-strain. On the other hand, the C5 stereocenter could be induced by a syn-selective Henry reaction. In the proposed sixmembered ring transition state shown in Fig. 2D , side chains of both nitronate and aldehyde occupy equatorial positions. These two stereo-controlling factors may result in the unusually high selectivity of the Henry reaction and consequent production of D-talo-configured product 6 with four contiguous stereocenters. In summary, we have demonstrated that catalytic asymmetric assembly reactions based on sequential Michael-Henry reactions allow rapid stereoselective assembly of varied aldehydes and nitroolefins into carbohydrates with very high levels of enantio-and diastereocontrol.
Materials and Methods
Typical experimental procedure for synthesis of 3,4-dideoxy-D-talose derivative 6a: (tert-butyldimethylsilyloxy)acetaldehyde 1 (152 μL, 0.8 mmol) was added to the solution of thiourea catalyst 3 (15.4 mg, 40 μmol) and β-nitrostyrene 2a (29.8 mg, 0.2 mmol) in CH 2 Cl 2 (0.2 mL). The resulting solution was stirred at 30°C for 4 h and then triethylamine (13.9 μL, 0.1 mmol) was added. After 1 h at 30°C, Et 2 O and 1N HCl (0.2 mL) was added to the solution at rt. The aqueous layer was separated and extracted three times with Et 2 O. The combined organic layers were dried over MgSO 4 , concentrated, and purified by flash column chromatography to afford 3,4-dideoxy-D-talose derivative 6a (67.4 mg, 68%) as a colorless oil. 1 Six-membered ring transition state structure to provide the syn-Henry product with C5 stereo-induction.
